The carboxy-terminal domain (CTD) of RNA polymerase (Pol) II is an intrinsically disordered low-complexity region that is critical for pre-mRNA transcription and processing. Cellular processes often require clustering of molecules to facilitate their interactions and reactions 1, 2 . During transcription of protein-coding genes, RNA polymerase (Pol) II clusters in localized nuclear hubs 3 . Whereas Pol II concentration in the nucleus is estimated to be ~1 µM, it 2 increases locally by several orders of magnitude 4 . Such high Pol II concentrations are reminiscent of the clustering of proteins in membrane-less compartments such as P granules, Cajal bodies and nuclear speckles 1, 2, 5, 6 . These cellular compartments are stabilized by interactions between intrinsically disordered low-complexity domains (LCD) and depend on liquid-liquid phase separation (LLPS) 1,2,6-11 . However, the molecular basis of Pol II clustering remains unknown.
sensitive to aliphatic alcohols than other LCD-LCD interactions. On the contrary, CTD phase separation is robust to changes in ionic strength (Supplementary Fig. 2d ).
CTD length influences CTD phase separation in vitro
A characteristic property of liquid-like droplets is fast diffusion of molecules in their interior 1 . We used fluorescence recovery after photobleaching (FRAP) to compare diffusion kinetics of hCTD and yCTD molecules within droplets. MBP-tagged hCTD and yCTD proteins were fluorescently labeled on a single cysteine residue that is present C-terminal to the TEV protease cleavage site.
After cleavage of the MBP tag and droplet formation, circular regions in the interior of CTD droplets were bleached (Methods). Within hCTD droplets, the bleached fluorescence recovered with a half time of 4.08 s ± 0.88 s (Fig. 1g) . For yCTD, recovery was faster with a half time of 1.43 s ± 0.41 s. (Fig. 1g ).
These results demonstrate that CTD molecules within droplets are generally highly dynamic, confirming the liquid-like nature of CTD droplets. The difference in fluorescence recovery between hCTD and yCTD further suggests that the higher number of repeats in hCTD strengthens CTD-CTD interactions. This observation is consistent with the concentration-dependent ability of hCTD and yCTD to undergo LLPS when fused to a MBP-tag. MBP-hCTD phase separated at a concentration of 5 µM ( Fig. 1c; Supplementary Fig. 4, top) . In contrast, LLPS of MBP-yCTD started only at a 4-6 fold higher protein concentration ( Supplementary Fig. 4 , middle). When the smaller, dimerizing GST-tag was used to replace the more soluble MBP-tag 23 , the critical concentration for yCTD phase separation decreased to approximately 5 µM ( Supplementary Fig. 4, bottom; Fig. 1d ). These results suggest that the solubilizing effect of MBP counteracts droplet formation. This effect is more easily overcome by hCTD because the higher repeat number and valency results in stronger CTD-CTD interactions compared to yCTD.
We conclude that the length of the CTD influences the stability and dynamics of LLPS droplets, with a longer CTD leading to stronger CTD-CTD interactions and less dynamic droplets.
CTD droplets recruit intact Pol II
The above results indicate that CTD-CTD interactions within liquid droplets may underlie Pol II clustering. However, we could not test directly whether intact Pol II forms LLPS droplets in vitro because it was impossible to prepare Pol II at a sufficient concentration in the presence of dextran 5 or Ficoll. We could however test whether Pol II could be trapped within CTD droplets. We purified Pol II from yeast cells, labeled it with the fluorescent dye Alexa 594 and added it to pre-formed CTD droplets at a concentration of 0.02 µM. Fluorescence microscopy showed that Pol II located to CTD droplets (Fig. 1h) .
CTD length controls Pol II clustering in human cells
To explore whether CTD-based LLPS may underlie Pol II clustering in cells, we engineered two human cell lines that express a fluorescently Dendra2-tagged version of RPB1. To create these cell lines we used α-amanitin resistant RPB1 protein (N792D) and grew cells in the presence of α-amanitin, which leads to the degradation of endogenous RPB1 3 . Such cell lines are known to recapitulate the behavior of endogenous wild-type Pol II 3, 24, 25, 26 . One cell line contained the fulllength CTD with 52 repeats (RPB1-52R), whereas the other cell line contained a truncated CTD with 25 repeats (RPB1-25R) that closely resembles the yCTD sequence (Fig. 2a) . The two cell lines remained viable upon degradation of endogenous RPB1 after treatment with α-amanitin and expressed similar levels of the Dendra2-tagged exogenous Pol II as assessed by western blotting (Fig. 2b) , confocal imaging and FACS analysis ( Supplementary Fig. 5a -c).
We now studied clustering of Pol II in these human cell lines with the help of 3D-PALM super-resolution microscopy using induced astigmatism by a cylindrical lens ( Fig. 2c-e; Supplementary Fig. 5d ) 3 . Compared to cells with full-length CTD (52R), cells with the truncated, yeast-like CTD (25R) showed less Pol II clustering ( Fig. 2c-d) . These results suggested that CTD interactions underlie Pol II clustering in cells and that the CTD length influences clustering. To test this directly, we further created a cell line containing an artificially extended CTD (RPB1-70R, Methods). This cell line was also viable upon degradation of endogenous RPB1 but expressed RPB1 at a lower level then the two other cell lines (Fig. 2b) . Despite this difference in expression level, the 70R cell line showed even more Pol II clustering than cells with wild-type, full-length CTD ( Fig. 2c-d) , strongly supporting our findings.
For all three cell lines, differences in CTD-dependent cluster density were supported by quantitative analysis on the basis of a modified Ripley function L(r), which compares the spatial distribution of localizations to complete spatial randomness (L(r)=0 for all r). In all cells, L(r)
curves showed a strong clustering signature ( Fig. 2e; Supplementary Fig. 5d ). Whereas the sharp increase observed at scales less than 100 nm can be influenced by photophysical effects, such as 6 blinking of Dendra2 27 , the continuous increase at larger spatial distances is representative of Pol II clustering. Taken together, these results demonstrate that Pol II clustering in cells depends on the CTD and increases with increasing CTD length.
CTD length influences Pol II dynamics in cells
We next investigated the impact of CTD length on Pol II dynamics in vivo using two orthogonal approaches, live-cell single particle tracking (SPT) 28 and FRAP experiments. Because these methods require a high signal-to-noise ratio and a photo-stable fluorescent label, we established cell lines with a Halo-tag on RPB1 containing 25, 52 and 70 CTD repeats (25R, 52R and 70R, respectively) ( Supplementary Fig. 6 ). We then tracked single molecules of Pol II in live cells by single-step photo-activation and -bleaching ( Fig. 3a-b , Supplementary movies 2-4). Subsequent kinetic modeling analysis assuming free and bound state (Fig. 3c, Supplementary Fig. 7a) revealed that 29.1% of wild-type Pol II (RPB1-52R) in live cells was not mobile and apparently chromatin-associated. The bound Pol II fraction was decreased to 21% in RPB1-25R cells and was increased to 38.4 % in RPB1-70R cells ( Fig. 3c-d; Supplementary Fig. 7b-c) . In addition, the diffusion coefficients for free Pol II were higher and lower, respectively, for RPB1-25R and RPB1-70R cells. Free diffusion coefficients of 3.74, 2.97, and 2.34 µm 2 /s were measured in RPB1-25R, RPB1-52R and RPB1-70R cells, respectively (Fig. 3e) . These large differences in diffusion coefficients cannot be explained solely by differences in mass or size (Online Methods). Therefore, our results indicate that CTD length strongly influences Pol II mobility in vivo, with shorter and longer CTDs leading to higher and lower mobility, respectively.
These findings in cells reflect our observed length-dependence of CTD-CTD interactions in vitro ( Fig. 1g; Supplementary Fig. 4 ). Indeed, FRAP recovery curves in human cells depended on CTD length (Fig. 3f) , consistent with differences in FRAP recovery kinetics observed between hCTD and yCTD droplets in vitro (Fig. 1g) . Analysis of these FRAP recovery curves by a reactiondominant two-state model 29, 30 further showed that the fraction that did not recover within a few seconds increased from 27% in RPB1-25R cells to 35% in RPB1-52R cells to 38% in RPB1-70R cells ( Supplementary Fig. 7d-f ). This is consistent with the SPT results (Fig. 3d) , which also showed a higher chromatin-associated fraction for Pol II with a longer CTD. Together our data
show that longer CTDs result in more clustering and chromatin-association in vivo, reflecting the influence of CTD length on liquid-liquid phase separation in vitro.
CTD phosphorylation dissolves droplets
Finally, we investigated whether CTD phosphorylation impacts phase separation. It has long been known that assembly of the pre-initiation complex at Pol II promoters requires an unphosphorylated CTD, and that subsequent CTD phosphorylation at S 5 CTD residues by the kinase CDK7 in transcription factor IIH (TFIIH) stimulates the transition of Pol II into active elongation 31, 32 . We treated hCTD with recombinant human TFIIH subcomplex containing CDK7 kinase 33 and adenosine triphosphate (ATP), leading to S 5 phosphorylation of hCTD (Supplementary Fig. 8a;   Fig. 4a ). The resulting CDK7-phosphorylated hCTD was no longer able to form droplets, whereas prior incubation with ATP alone did not inhibit LLPS (Fig. 4b) . Phosphorylation of yCTD by the yeast TFIIH kinase subcomplex also inhibited phase separation ( Supplementary Fig. 8b-c (Fig. 5) . Finally, our results also provide a starting point for analyzing the chemical basis for CTD phase separation, its possible modulation by nucleic acids and protein factors, and its specific roles in transcription regulation and the coordination of the transcription cycle.
METHODS
Methods and any associated references are available in the online version of the paper. Chemistry, Göttingen). Derivative constructs, in which the hCTD sequence was replaced by the sequence coding for the S. cerevisiae Pol II CTD (yCTD) (RPB1 residues 1542-1733) or entirely removed, were generated using Gibson Assembly (New England Biolabs) and through deletion mutagenesis, respectively. All proteins contain a single cysteine residue C-terminal of the TEV protease cleavage site that allows for site-specific labeling. MBP-tagged proteins were overexpressed in E. coli BL21 (DE3) RIL cells (Stratagene) cultured in LB medium containing 50 mg/l kanamycin and 34 mg/l chloramphenicol. After reaching an OD600 of ~0.8, 0.5 mM IPTG was added and proteins were expressed for 3-4 h at 37 °C. Cells were harvested by centrifugation and resuspended in lysis buffer LB300 (20 mM HEPES pH 7.4, 300 mM NaCl, 30 mM imidazole, 10 % glycerol, 1 mM DTT, 0.284 µg/ml leupeptin, 1.37 µg/ml pepstatin A, 0.17 mg/ml PMSF, 0.33 mg/ml benzamidine). The cell suspension was snap frozen and stored at -80 °C.
The sequence coding for the yCTD was additionally cloned into a pET27-derived plasmid, directly C-terminal to a Glutathione-S-Transferase (GST) tag followed by the TEV protease cleavage site. An N-terminal 6xHis-tag was introduced by site-directed mutagenesis. From the obtained plasmid, a second expression vector encoding only His 6 -GST-TEV was constructed through deletion mutagenesis. GST-tagged proteins were overexpressed in E. coli BL21 Rosetta 2(DE3)pLysS cells (Stratagene) grown in 2xYT medium containing 50 mg/l kanamycin and 34 mg/l chloramphenicol. After the culture reached an OD 600 of 0.6-0.8, Isopropyl β-D-1-thiogalactopyranoside (IPTG) was added to a final concentration of 0.5 mM. GST-yCTD was overexpressed for 16 h at 18 °C, GST for 3 h at 18 °C. Cells were harvested by centrifugation, resuspended in lysis buffer LB150 (20 mM HEPES pH 7.4, 150 mM NaCl, 30 mM imidazole, 10 % glycerol, 1 mM DTT, 0.284 µg/ml leupeptin, 1.37 µg/ml pepstatin A, 0.17 mg/ml PMSF, 0.33 mg/ml benzamidine), flash frozen in liquid nitrogen and stored at -80 °C.
Sequences encoding the full-length subunits of the human TFIIH kinase module (CDK7, MAT1 and cyclin H) were separately transferred into MacroBac 438B vectors 38 and combined into a single construct by ligation independent cloning. All subunits contained a N-terminal 6xHis-tag followed by a TEV protease cleavage site. Insect cell expression was performed as described 39 .
Protein purification. All purification steps were performed at 4 °C. Frozen E. coli cell suspension was thawed, lysed by sonication, cleared from insoluble material by centrifugation (27,000 g, 45 min, 4 °C) and filtered through 0.8 µm syringe filters.
For the purification of MBP-tagged proteins, cleared E. coli lysate was loaded onto a 5 ml
HisTrap HP column (GE healthcare) equilibrated in LB300. The HisTrap column was washed extensively using high salt buffer HSB1000 (20 mM HEPES pH 7.4, 1 M NaCl, 30 mM imidazole, 10 % glycerol, 1 mM DTT, 0.284 µg/ml leupeptin, 1.37 µg/ml pepstatin A, 0.17 mg/ml PMSF, 0.33 mg/ml benzamidine) and equilibrated again in LB300. The column was then attached in-line to a LB300-equilibrated XK-16 column (GE healthcare), which was packed with amylose resin (New England Biolabs). Bound proteins were eluted directly onto the amylose column using Nickel elution buffer 300 (20 mM HEPES pH 7.4, 300 mM NaCl, 500 mM imidazole, 10 % glycerol, 1 mM DTT, 0.284 µg/ml leupeptin, 1.37 µg/ml pepstatin A, 0.17 mg/ml PMSF, 0.33 mg/ml benzamidine). The HisTrap column was subsequently removed and the amylose column was washed again extensively with HSB1000 buffer. MBP-tagged proteins were eluted using amylose elution buffer (20 mM HEPES pH 7.4, 300 mM NaCl, 10 % glycerol, 1 mM DTT, 117 mM maltose, 0.284 µg/ml leupeptin, 1.37 µg/ml pepstatin A, 0.17 mg/ml PMSF, 0.33 mg/ml benzamidine) and concentrated with a 30 kDa MWCO Amicon Ultra filter unit. The concentrate was then subjected to size-exclusion chromatography using a Sephadex 200 10/300 Increase column pre-equilibrated in SE300 buffer (20 mM HEPES 7.4, 300 mM NaCl, 10 % glycerol, 1 mM TCEP). Pure fractions, as assessed by SDS-PAGE and Coomassie staining, were pooled and concentrated using a 30 kDa MWCO Amicon Ultra centrifugal filter. The protein concentration was calculated based on the absorbance at 280 nm and the predicted molar extinction coefficient (DNAstar Lasergene Suite). Aliquots were frozen in liquid nitrogen and stored at -80 °C.
His 6 -GST-TEV-yCTD was purified following a similar scheme as described earlier 40 with the following modifications. The clarified extract was applied to a 5 ml HisTrap HP column equilibrated in lysis buffer LB150. The column was extensively washed using high salt buffer HSB800 (20 mM HEPES pH 7.4, 800 mM NaCl, 30 mM imidazole, 10 % glycerol, 1 mM DTT, 0.284 µg/ml leupeptin, 1.37 µg/ml pepstatin A, 0.17 mg/ml PMSF, 0.33 mg/ml benzamidine) and equilibrated again in LB150. A pre-equilibrated 5 ml HiTrap Q HP column (GE healthcare) was attached in-line to the HisTrap column, which was subsequently eluted using a linear gradient from 0-100 % Nickel elution buffer 150 (20 mM HEPES pH 7.4, 150 mM NaCl, 500 mM imidazole, 10 % glycerol, 1 mM DTT, 0.284 µg/ml leupeptin, 1.37 µg/ml pepstatin A, 0.17 mg/ml PMSF, 0.33 mg/ml benzamidine). The flow-through fractions were analyzed by SDS-PAGE and Coomassie staining, pooled and concentrated using a 30 kDa MWCO Amicon Ultra centrifugal filter unit (Merck). The sodium chloride concentration was adjusted to 50 mM and the protein was applied to a 1 ml HiTrap S column (GE healthcare). The flow-through was concentrated using a 30 kDa MWCO Amicon Ultra concentrator and then separated on an equilibrated Sephadex 200 10/300 Increase column (GE healthcare) with buffer SE300. Individual fractions were analyzed by SDS-PAGE and Coomassie staining, pure fractions were pooled and concentrated with a 30 kDa MWCO Amicon Ultra filter unit. E. coli extract from the H 6 -GST-TEV expression was applied to a 5 ml HisTrap HP column, washed with HSB800 and eluted with B150. The protein was concentrated using a 10 kDa MWCO Amicon filter unit and directly subjected to size-exclusion chromatography as described above. Concentrated protein solutions were aliquoted, flash-frozen in liquid nitrogen, and stored at -80 °C.
The recombinant S. cerevisiae TFIIH kinase module consisting of the three subunits Kin28, Ccl1 and Tfb3 was prepared as described 41 . For the purification of the three-subunit human TFIIH kinase module (CDK7, cyclin H and Mat1), insect cells were lysed by sonication in lysis buffer The identity of all purified proteins was confirmed by LC-MS/MS analysis.
Pol II preparation and fluorescent labeling. Pol II was prepared from the S. cerevisiae strain BJ5464 as described 42 and treated with lambda phosphatase during purification. The Pol II subunit In experiments with aliphatic alcohols, the MBP tag was cleaved off from MBP-yCTD as indicated above, followed by addition of the protein to a premix containing dextran (final concentration 16%) and 1,6-hexanediol (Sigma, #240117) or 2,5-hexanediol (Sigma, #H11904).
The final yCTD concentration in the sample was 50 µM and hexanediol concentrations varied from 2.5 to 10%. Samples were imaged by DIC microscopy as indicated above.
All experiments with droplet formation were performed at room temperature except when the influence of temperature was tested. In the later case, samples containing 20 µM MBP-hCTD in 20 mM HEPES, 220 mM NaCl, pH 7.4 with 16% dextran were incubated for 1.5 h on ice (4 °C), room temperature (22 °C) or in an incubator at 37 °C before microscopy analysis. The influence of ionic strength was tested with 10 µM MBP-hCTD and indicated NaCl concentrations in 20 mM HEPES, pH 7.4 containing 16% dextran.
Co-recruitment experiments. For CTD co-recruitment experiments, droplets were made with 20 µM MBP-hCTD or GST-yCTD in 20 mM HEPES, 220 mM NaCl, pH 7.4 containing 16% dextran.
Droplets were visualized through addition of 0.6 µM of tetramethylrhodamin (TMR)-labeled peptide with the sequence YSPTSPS, i.e. corresponding to one consensus heptad repeat.
Subsequently, small amounts (< 0.5 µM) of Alexa 488 labeled GST-yCTD or MBP-hCTD were 22 added to MBP-hCTD or GST-yCTD pre-formed droplets, respectively. Co-recruitment was confirmed by imaging on Leica DM6000B microscope as described above using DIC in combination with red and green channels for fluorescence (GFP and N3 filter cubes).
For Pol II co-recruitment experiments, Alexa 594-labeled Pol II (final concentration 0.02 µM) was mixed with pre-formed droplets of 25 µM GST-yCTD in 20 mM HEPES, 220 mM NaCl, pH 7.4 containing 16% dextran that were visualized by addition of Alexa 488 labeled GSTyCTD (final concentration of 2.3 µM). Co-recruitment was documented by DIC and fluorescent microscopy using red and green channel (GFP and N3 filter cubes) on Leica DM6000B microscope as described.
In vitro FRAP experiments. The dynamics of human and yeast CTD molecules in the phase- was used during the stable selection process at a concentration of 2 µg/mL and was used thereafter in permanence in the culture of the cells at a concentration of 1 µg/mL to avoid endogenous RPB1 re-expression as described in 3 . Even though these lines cannot genotypically be considered as endogenously tagged (the wild-type endogenous RPB1 gene is still there, a cDNA expressing the tagged version of RPB1 is incorporated in the genome), phenotypically they can as the expression of endogenous RPB1 protein is replaced by the tagged version of the protein at all time.
RT-PCR analysis (Superscript III with oligo (dT) 20 , Invitrogen (#18080093) and NEB Phusion® High-Fidelity DNA Polymerase (#M0530S) followed by sequencing was performed to confirm the sequence of the RPB1-CTD expressed in the various cell lines (more details of all the molecular biology characterizations available upon request). Nuclei and nucleoli were automatically detected and segmented for further processing. N(r)
is the estimate of the expected number of neighbors within a distance r of a given point of the sample:
where P is the set of all detections and N p the total number of detections. The f function 46 47 corrects, for biases generated by points located at short distances to the borders (nucleus or nucleoli): Under CSR, the expected value taken by n(r) (resp. K(r), L(r) and G(r)) is λ (resp. ! , 0 and 1). The triangulation of the areas was performed with a custom python script and we used the ADS R package 49 to estimate the four spatial statistics. In order to estimate the standard deviation and standard error associated with these measurements we performed a bootstrapping analysis of the data set. We randomly selected 10,000 detections from each original data set a 100 times and feed these sub sampled data set to the R script computing the spatial statistics.
Single-molecule imaging (spaSPT). After overnight growth, cells were labeled with 50 nM PA-JF 549 50 for ~15-30 min and washed twice (one wash: medium removed; PBS wash; replenished with fresh medium). At the end of the final wash, the medium was changed to phenol red-free medium keeping all other aspects of the medium the same (and adding back α-amanitin). Singlemolecule imaging was performed on a custom-built Nikon TI microscope equipped with a 100x/NA 1.49 oil-immersion TIRF objective (Nikon apochromat CFI Apo TIRF 100x Oil), EM-CCD camera (Andor iXon Ultra 897; frame-transfer mode; vertical shift speed: 0.9 µs; -70°C), a perfect focusing system to correct for axial drift and motorized laser illumination (Ti-TIRF, Nikon), which allows an incident angle adjustment to achieve highly inclined and laminated optical sheet illumination 51 . An incubation chamber maintained a humidified 37°C atmosphere with 5% CO 2 and the objective was also heated to 37°C. Excitation was achieved using a 561 nm ( We recorded single-molecule tracking movies using our previously developed technique, stroboscopic photo-activation Single-Particle Tracking (spaSPT) 28, 30 . Briefly, 1 ms 561 nm excitation (100% AOTF) of PA-JF 549 was delivered at the beginning of the frame to minimize motion-blurring; 405 nm photo-activation pulses were delivered during the camera integration time (~447 µs) to minimize background and their intensity optimized to achieve a mean density of ~1 molecule per frame per nucleus. 30,000 frames were recorded per cell per experiment. The camera exposure time was 7 ms resulting in a frame rate of approximately 134 Hz (7 ms + ~447 µs per frame).
spaSPT data was analyzed (localization and tracking) and converted into trajectories using a 
where:
and:
Here, BOUND is the fraction of molecules that are bound to chromatin, BOUND is the diffusion coefficient of chromatin bound molecules, FREE is the diffusion coefficient of freely diffusing molecules, r is the displacement length, ∆ is lag time between frames, ∆ is axial detection range, is localization error (35 nm) and CORR corrects for defocalization bias (i.e. the fact that freely diffusion molecules gradually move out-of-focus, but chromatin bound molecules do not respectively (mean +/-standard error). Given that the molecular weight of e.g. 25R is lower, one would expect the diffusion coefficient to be higher. To estimate whether this large difference could be explained by size alone or whether it might be due to reduced multivalent interactions, we consider the Stokes-Einstein relation according to which the diffusion coefficient is given by:
where ! is Boltzmann's constant, is the absolute temperature, is the viscosity of the liquid (the nucleoplasm here; assumed to be the same for both 25R, 52R and 70R) and is the radius. The Stokes-Einstein equation assumes the particle to be a sphere and accordingly the radius is given by the volume, V:
In turn, the volume is related to the mass, , and density, :
where ! is Avogadro's constant and is the molecular weight in atomic mass units (Daltons). Thus, the diffusion coefficient is related to the molecular weight by:
Thus using 25R and 52R as the example, the ratio between the diffusion coefficients of 25R
and 52R Halo-Rpb1 (assuming that the density is the same) is: 
52R-Rpb1
! According to UniProt (P24928) the molecular weight of wild-type Rpb1 is 217.2 kDa (52R).
The molecular weight of the HaloTag is 33.6 kDa. Thus, the molecular weight of Halo-Rpb1-52R is ~250.8 kDa, the molecular weight of Halo-Rpb1-25R is ~230.9 kD and the molecular weight of
Halo-Rpb1-70R is ~258.1 kD. Thus, the expected difference in diffusion coefficients is: For all three combinations, the observed ratio cannot be explained by the change in size/mass.
Instead this indicates a higher propensity of the full-length CTD to engage in intermolecular interactions. Moreover, in the above calculations we have just considered the change in the mass of Rpb1. In reality, Rpb1 is likely diffusing as part of the Pol II holocomplex, thus the relative difference due to the smaller CTD (e.g. ~20 kDa between 25R and 52R) is actually much smaller than the calculations using only Rpb1 would suggest and thus the expected difference in diffusion 30 coefficients due to mass/size would be even much closer to 1. We conclude that the mass/size difference between the 25R, 52R and 70R Pol II enzymes cannot explain their observed differences in diffusion coefficients.
FRAP in cells.
FRAP experiments were performed and analyzed as previously described 30 .
Briefly, FRAP was performed on an inverted Zeiss LSM 710 AxioObserver confocal microscope equipped with a motorized stage, a full incubation chamber maintaining 37°C/5% CO 2 , a heated stage, an X-Cite 120 illumination source as well as several laser lines. Halo-TMR was excited using a 561 nm laser. Images were acquired on a 40x Plan NeoFluar NA1.3 oil-immersion objective at a zoom corresponding to a 100 nm x 100 nm pixel size and the microscope controlled using the Zeiss Zen software. In FRAP experiments, 300 frames were acquired at either 1 frame per second allowing 20 frames to be acquired before the bleach pulse to accurately estimate baseline fluorescence. A circular bleach spot (r = 10 pixels) was chosen in a region of homogenous fluorescence at a position at least 1 µm from nuclear and nucleolar boundaries. The spot was bleached using maximal 561 nm laser intensity and pixel dwell time corresponding to a total bleach time of ~1 s. We generally collected data from 5 cells per cell line per condition per day and all presented data is from at least 3 independent replicates on different days.
To quantify and drift-correct the FRAP movies, we used a previously described customwritten pipeline in MATLAB 30 . Briefly, we manually identify the bleach spot. The nucleus is automatically identified by thresholding images after Gaussian smoothing and hole-filling (to avoid the bleach spot as being identified as not belonging to the nucleus). We use an exponentially decaying (from 100% to ~85% (measured) of initial over one movie) threshold to account for whole-nucleus photobleaching during the time-lapse acquisition. Next, we quantify the bleach spot signal as the mean intensity of a slightly smaller circle (r = 0.6 µm), which is more robust to lateral drift. The FRAP signal is corrected for photobleaching using the measured reduction in total nuclear fluorescence (~15% over 300 frames at the low laser intensity used after bleaching) and internally normalized to its mean value during the 20 frames before bleaching. We correct for drift by manually updating a drift vector quantifying cell movement during the experiment. Finally, drift-and photobleaching corrected FRAP curves from each single cell were averaged to generate a mean FRAP recovery. We used the mean FRAP recovery in all figures and error bars show the standard error of the mean.
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